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The extreme electromagnetic universe

Space based I
I Ground based
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Gamma-ray satellites: Imaging Atmospheric
e EGRET Cherenkov Telescopes (IACT)

e Fermi-LAT and Water Cherenkov
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The current IACT world
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“VERITAS A , USA - MAGIC Canary Island, Spai
TR 1275m a.s3. . La Palma, 2225m a.s.l.
= 4 telescopes, @12m 2 telescopes, P17m
Stereoscopy >2009
>2007
o
‘ -
H.E.S.S. Namibia
1800m a.s.l.
\ 4 telescopes, @12m v
stereoscopy
. - >2003
. : * HESS 2 : 4+ 1 (@28m) telescopes, 2012
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The current IACT world
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"VERITAS A | "MAGIC C
1275m a.sil.
4 telescopes, PT2m
Stereoscopy
>2007

anary Island, Spai
La Palma, 2225m a.s.l.

2 telescopes, @17m
>2009

&

H.E.S.S. Namibia

* Geographically best suited for the
Galactic Center observation

* The only IACT with a constant
monitoring of the GC
Now more than 220h with very precise
measurements (spectrum and
position)
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‘The future of'gamma-ray telescopes: Cherenkov
Telescope Array

» Two arrays: North in La Palma (Spain), South
in Paranal (Chile)

» Factor 10 better sensitivity

> Larger energy coverage, field of view and
twice better angular and energy resolution
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The H.E.S.S. telescope array

H.E.S.S.-phase 1: 2003-2012

Array of four Imaging Atmospheric Cherenkov Telescopes
located in Namibia (1800m a.s.l.)

e 12 m diameter telescopes : 107 m2 each e Angular resolution < 0.1°/y

e Observations on moonless nights, ~1000h/year || ® Energy threshold (zenith) ~ 200 GeV
e Field of view of 5° in diameter e Energy resolution ~ 15%

e Stereoscopic reconstruction
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The H.E.S.S. telescope array
H.E.S.S.-phase 2: 2012

Array of FIVE Imaging Atmospheric Cherenkov Telescopes
located in Namibia (1800m a.s.l.)

5th telescope(@28m):

Surface ~ 600 m?

Energy threshold (zenith) ~ 50 GeV
Field of view ~3.5°
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The H.E.S.S. telescope array
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ﬂi\@ Galactic Center region

» Central Molecular Zone (CMZ): giant
molecular clouds (~10% of all Galaxy)

Herschel (IR) : dust/gas map
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The Galactic Center region

» Central Molecular Zone (CMZ): giant
molecular clouds (~10% of all Galaxy)

» CR accelerators: SNRs, magnetic filaments,
supermassive black hole Sgr A*

-
: g

VLA 90cm radio image
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Past activities of the Galactic Center

> 10° years timescale

il - 7 \\ >

GeVgamma ray. emlssﬁluge oqflow [‘1039'41 ergs/s)

-

8 kpc

- Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et
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Past activities of the Galactic Center

> 10> years timescale

(103941 ergs/s)

8 kpc

Su, Slatyer, and Finkbeiner, ApJ 2010
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Galactic Center Galactic Halc? -
* brightest spot in the sky _ * large statistics

standard astrophysical emitters T = diffuse background

14 =— sesmmmm 1 8 AGUarius simulation
logS ( M’ _kpc’sr?) Springel et al 2008
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The Galactic Center region

» Central Molecular Zone (CMZ): giant
molecular clouds

» CR accelerators: SNRs, magnetic filaments,
supermassive black hole Sgr A*

—
" N

VLA 90cm radio image
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The Galactic Center region in'gamma-rays: H.E.S.S.
2003-2005

Two bright point-like sources:
-G 0.9+0.1 : SNR/PWN association

-HESS J1745-290 : unidentified source

Aharonian et a ollaboratio A&A 4 004

T Excess map (55h)

— Hi5

- 0.9+C H.E.S.S. J11745-290

O 4 .
L ° —{500
—400

-28 e’ "5
3EG J1746-2851 i . —300
180 [] %
1 L
160 A '
-28.1 140 |I :
120 “ :
100 3EG J1744-3011 °, /

+

-28.2

Aharonian et al. (H.E.S.S. Collaboration) Nature 439 (2006) 695
-1 ;

17h48m 17h47m
\ ‘ 3 |
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Which'are the possible counterparts for HESS J1745-

290?

PWN G359.95-0.04

SNR Sgr A East

Chandra Chandra

SMBH Sgr A* Dark Matter?

56R A®

+afew plp, did
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The HESS J1745-290 central source position

HESS coll. MNRAS 402, 1877 (2015)\

’ HESS improved pointing analysis : 30"->6"

AN

S8 . :
/ E =
3EG J1746-2851 /! E-ﬂﬁ"ﬁﬂ' SNR Sgr A EaSt 7
AT // ' ,
| “359 95-0. 0 :
e 5

-29°00" ial \
//‘ HESS 4
position A

200027 —

—12

A0 pc
-29°04" -

VLA 90cm radlo e |
\ 17 4'5'"5(1 Th45‘“40 H1?:|4'¢5;:;u‘l I_I j
ight Ascension
» position:
|I=359° 56'41.1”+* 6.4+ 6"
b=-0° 2’39.2” *+ 5.9” *+6"

" Fermi symposium 2009 » G359.95-0.04 and Srg A* still inside error bars (8.7
from Sgr A*)
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The GC central source (HESS J1745-290) variability

* No signs variability in VHE lightcurve

observed based on 93 hours of data :.;. : Aharonian of al A&A 503, 817 (2009) -
'Eiﬁ_—
« Simultaneous HESS and Chandra 2 e w0 s
observations in 2005 10—
=10
e X-ray flare detected e[
- 1-10 keV & s—
- 1600s duration E Hﬁ {.} ........... ’{l. ............. j.l-H

- 9x quiescent level g e
* No increase of gamma flux >1 TeV (factor 2
increase excluded at 99%CL)

_‘:-:;; - Peak Flare —_25 “'.:
=> disfavours scenarios where keV and TeV g [ 1 E
emission are associated with the same %”-"3__ o B
parent population = T - g:
3 §
=0.06— s E
e = - 3 @
T OE £ [ ] -
é” - P03 S IGR J1745.6-2901 HESS J1745-290 §0.04— —_10 .
:; 10! = +.... i E
E i MID 5358;.94%.".§§+ 0.02— e 5
10-125_— '\JJ 358194 T I 5
- B Tt st R =0
B03 |z —
10" e i Flare 7]
= g 1 % 7
= 81.9 S 58] 53582.00
u HESS COff Ae‘fA 492 L (3008) i
10 — ”“uu] IH””Isl”“m}sH”"“IW.I”qujsiImmlu”mmjmlImmlnl ””wjr,'l””udullmm
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The Galactic Center diffuse emission with'H.E.S.S.:

» Search for much fainter emission

» Subtraction of the two bright sources

» Correlation of emission with molecular clouds of the Central
Molecular Zone (CMZ) => hadronic origin of emission

eéss map (55h)

G 0.9+.1 H.E.S.S. J11745-290

3EG J1746-2851

N Contours: gas (CS) Diffuse emission along the
galactic plane!

3EG J1744-3011 °,
Aharonian et al. (H.E.S.S. Collaboration),” Nature 439 (2006) 695
] - .
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» Search for much fainter €
» Subtraction of the two bt
» Correlation of emission v

Molecular Zone (CMZ) =>

G 0.9+0.1

I Contours: gas (CS)
Histogram: y-rays
red: gas

Caor. Excess Counts

415 <l<-085 |[

WW} .

0.55 «<=-0.25

025 <1<005 |[

0.35 <l <065

HM ML\ Wify

095 <l<1.25 |[

0
Galactic Longitude {degrees)
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The Galactic Center diffuse emission with H.E.S.S.:

2003-2012 (cosmic-ray energy denS|ty dlstrlbutlon)

i Fxcess map (220h)

e Correlation with molecular clouds 0400
=> pp interaction target mass (M)

0.200 g

0.000 ¢

* Gamma-ray luminosity (L) in several
regions

Galactic latitude

-0.200 g

-0.400 ¢

* =>CR energy denSIty oC L/M 0600 § AV, F. Aharonian, S. Gabici, E. Moulin), Mature 531, 476-479 (2016)

- -1 K : P 9.500 5.000 , i 358 50
e = WP(ZI}OET) o i el G;_Ag) 1 (faiirg;i) (wﬁ%) & it ~ Galult\lem/ngczyrce emiére et a:) arX1v.1510.545.‘?8
qg 30 \ HESS collaboration, Nature 531 (2016) 476-479
3 best-fit 1/re where a = 1.1 % 0.1
o 20 X X
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$ mr 1r
IS Nt es e Fovme e e eeeennannnn .. 502 l0CEI CR density
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- 1 \\ ﬁil“ e
2l ™

III|III|IIIIIII|!II|III|III|Illhlllllll
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Projected distance (pc)
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Cosmic-ray energy density distribution

e Excess map (220h)
e Correlation with molecular clouds 0-400
=> pp interaction target mass (M)

0.200 g

0.000 ¢

* Gamma-ray luminosity (L) in several
regions

Galactic latitude

-0.200 g

-0.400 ¢

* =>CR energy density oC L/M

_ W,(>10E,) (vt (Ly(Z E,) M\ 3
wer (2 10E,) = v ~ 18 X0 (1.5) 103%erg/s / \ 106 Mg eV/em

T 10
= |
° 20\
s
o
(=
)y
% 10
I
- 1!r2\\\ ﬂ:““—-L -
2 R
L1 | | e S | | | R | I L i1 | | I | | L1 1 | L1 | | L1 |h| 1 | L1 |I

] 20 40 60 80 100 120 140 160 180 200
Projected distance (pc)
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Cosmic-ray energy density distribution

e Correlation with molecular clouds
=> pp interaction target mass (M)

* Gamma-ray luminosity (L) in several

0.600

0.400 ¢
0.200

0.000 ¢

' Excess map (220h)

Galactic latitude

-0.200 g

regions

-0.400 ¢

« =>CR energy density oC L/M

-0.600

|
1.500

CR density radial distributions meanings:
 Homogeneous/Constant
- Impulsive injection of CRs and diffusive
propagation

° 1/r2
- Wind-driven or ballistic propagation

e 1/r
- continuous injection and diffusive
propagation

Central accelerator located within 10
pc and injecting CRs continuously
over more than 1000 years
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Wer(>10TeV) (10 eV ecm™)
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fAbramowski et al, HESS collaboration(corr. authors
- AV, F. Aharonian, S. Gabici, E. Moulin), Nature 531, 476-479 (2016)

| i i | Il
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.\\ HESS collaboration, Nature 531 (2016) 476-479
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- t ;“ 1
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Il \\ G
—
. 1PN [ *f\_“‘---..] .
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Diffuse gamma-ray emission and injection spectra

0 AN R N LY TR T T T T T T T T =

e Spectrum diffuse emission extracted from
large ring [r;,,roue] = [0.15°,0.45°]

0.400 g

0.200
0.000 g

-0.200 @

Galactic latitude

-0.400 ¢

B AV, F. Aharonian, S. Gabici, E. Moulin), Nature 531, 476-479 (2016)

1.500 1.000 0.500 0.000 359.500 3558.000 358.500

Galactic longitude

Aion Viana GC at VHE December 2017 25



Diffuse gamma-ray emission and injection spectra

Spectrum diffuse emission extracted from
large ring [r;,,rout] = [0.15°,0.45°]

Spectrum of diffuse emission: power-law
with index 2.3 extending up to 50 TeV
without energy cut-off

Galactic lTatitude

Parent proton injection spectrum should
extend to PeV energies
* quasi-continuous injection lasting
over ~104 years
* total CR power injected at the GC
~1038 erg/s

-0.200 @
-0.400 ¢

-0.600

First robust detection
of a cosmic Galactic
PeVatron!

0.600
0.400 g
0.200 g

0.000 g

fAbramowski et al, HESS collaboration(corr. authors

1.500 1.000 0.500 0.000 359.500 355.000 358.500
Galactic lagaitude
—~10"'[
8. - HESS collabor@ition, Nature 531 (2016) 476-479
= -
(4] -
== E
E &
3
(T u
NX
L
10—12 -
- [ | Diffuse emission
B — Model (best fit): Diffuse emission
— = Model: Diffuse emission E:ﬁ:"’ch = 2.9 PeV
----- Model: Diffuse emission E_;" " = 0.6 PeV
o i Model: Diffuse emission EZ;- " = 0.4 PeV
1 1 1 L1 1 1 ] | 1 1 | L1 1 1 I | 1 1 | |
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Galactic Centre as a powerful Pevatron

1I#::SS collaboration, Nature 531, 476-479 (2016)

T sl \ &L E
3 L\ 5
b o\ \ >
= \ + =
»
g |\ g
= N ®
& Tu
g 10—
2 1/r 1072
L \ ~ =
o ——_ 1 .
................. AN e e P eee e e e e ennenns 021008 CRdonSIY =
N -~ B
Il % _fl\““‘
i 1/r? s B Diffuse emission
| e B — Model (best fit): Diffuse emission
— \ —— - Model: Diffuse emission E:_':‘;‘L = 2.9 PeV
\\ -=-+= Model: Diffuse emission E;,,-"" = 0.6 PeV
al \ 10" — * Model: Diffuse emission E;,,- ™" = 0.4 PeV
L1 1 | L1 1 | L1 1 I L1 1 | 11 1 | L1 1 | L1 1 | L1 1 N L1 | L1 1 I B
0 20 40 60 80 100 120 140 160 180 200 B

Pmlecled dlstancﬂ(pc} 1 1 | E - Ji LI 1 1 L1 1 J1IO | 1 1 L1
Energy (TeV)

* Given the location (< 10 pc), the maximum acceleration energy (~PeV), the continuous
power and age of the accelerator only the SMBH Sgr A* is a viable couterpart

* Asignificant fraction of accretion in Sgr A* is released through acceleration of particles to
ultrahigh energies

* SgrA* has been more active in the past (Ponti et al. 2010/12, Terrier et al. 2010) => if
injection power 2 1039 erg/s, GC PeVatron can explain the fluxes of Galactic CRs above
100 TeV to a few PeV (region of the “knee”)

* Possible origin of two large scale structures : Fermi Bubbles observed by Fermi-LAT (Su et al.
2010, Crocker & Aharonian 2010) and isotropic flux of the extraterrestrial neutrinos
discovered recently by IceCube (Taylor et al. 2014)
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Galactic Centre as a powerful Pevatron
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Evidence of Centrally Powered Escape?

Vwing =~ 500 km s~ 1 ..

Ewind ~ 3 x 1040 erg s~ 1" :

arxiv:1412.7510

M = 0.1 Mg yr—*
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2.7 GHz radio data
(unsharp mask, 9.4°)
Pohl, Reich &
Schlickeiser 1992
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Fermi Bubble templates

» The Fermi Bubbles at latitudes b> 10° seems to have the same spectrum and intensity all over
» Recent analysis of the Inner Galaxy by Fermi-LAT showed that the Fermi Bubble emission for b<10°

increases in intensity and it has a harder spectral index (-1.9-2.0) without sign of cut-off up to at least
1 TeV

Bf%pbles template high latitudes . Bubbles template low latitudes

20° MSP-like component

“Famous” GC GeV excess

30°

A0°

—30° —14°

—60°

302 0° —30° B 3[;.'_3[]" 15° 0° —15° —30° _3”:3{ 2 15° (- —15° —30°
[ [ [
: : | [ ! : | T : : |
—10.0 83 26.7 450 63.3 817 100.0 —100 B3 267 450 63.3 R8L.7 100.0 —20.0 16.7 533 90.0 126.7 163.3 200.0
counts counts counts

arXiv:1704.03910
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Fermi Bubble templates

» The Fermi Bubbles at latitudes b> 10° seems to have the same spectrum and intensity all over

» Recent analysis of the Inner Galaxy by Fermi-LAT showed that the Fermi Bubble emission for b<10°
increases in intensity and it has a harder spectral index (-1.9-2.0) without sign of cut-off up to at least
1 TeV

_5 —  Totalmodel ®»--# PS
0F & & Data #-3 Other 3
[ B--# 7Y+ brems A4 GC excess
4_ ¢--¢ ICS Y% |b| > 10° bubbles |
10~ 3 ¢--4 Isotropic +-4 |b| < 10° bubbles
— A l".". SNk om ]
75} ] 7
SR s N
=l < ‘"“'*"'<"""'""'='f:-‘_‘-t:
S *
Q 10-6F
A S e
10—7 5 .!-' _‘_i' PR
:f FE { } [4—_1.9-2.0 index power-law
10—8 . Il . .a . TE U with no cut-off
10
10~ 10° 10! 10°
arXiv:1704.03910 E (GeV)
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Future with CTA

Galactic Centre Key Science Project [825 h]

10°

Galactic Latitude

-10°

Optical Bulge
Scale Height
Fermi Bubbles
Central Survey
Extended Survey

10° 0°

Galactic Longitude

350° 340°

» Large field of view => more detailed
view of the Diffuse VHE emission (new
sources, outflows, etc)

» Improved PSF (r68~0.02°-0.03 °),
pointing accuracy (3”) and sensitivity
=> resolve GC source (e.g.: 0.5 (0.01
°); size of circumnuclear disk;
distinguish Sgr A* and PWN

»Search for a possible time
dependent component => Sgr A* MWL
observations with IR/ X-ray
instruments and improved sensitivity
to flux variation for flares (typically 1h)

»Search for long term flux evolution
=> Expected if energetic protons
accelerated during past periods of

increased activity of Sgr A*

Aion Viana

GC at VHE
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A Southern Wide-field gamma-ray observatory

Can a Southern wide-field gamma-ray observatory be relevant for the study of large-scale emission in
he GC and Inner Galaxy regions?
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A Southern Wide-field gamma-ray observatory

Can a Southern wide-field gamma-ray observatory be relevant for the study of large-scale emission in
he GC and Inner Galaxy regions?

e Sensitivity scales with 8(=radius of region) MGk 5 yrffny}

-t

|
—
(=]

--------- CTA-south 50h (6=2.0°)

* For isotropic sources flux increases with 62
so significance should increase with S/VB
propto 6

CTA-south 50 hours (6=0.06°)

* The superior sensitivity of CTA to steady
sources comes mainly from its very small
angular resolution

-t

|
—
N

Sensitivity E2 dN/dE (TeV cm™ s™)
o
|

v

e CTA will still suffer to measure residual 107"
hadronic background for sources larger
than its field-of-view (to date there is no
available method) 1014

IIII|IIII|IIII|IIII|IiII|IIIIIIIII|

-15 -1 -05 0 0.5 1 1.5 2
Iogw(E/TeV)

For sources larger than ~2.0° CTA-south 50h

sensitivity becomes comparable to a 5yr
HAWC-like detector below 1 TeV!
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Summary and conclusions

» Galactic Center is the richest environment in the Galaxy to study high energy phenomena:
supermassive blackhole, cosmic-rays, dark matter....

» Gamma-ray spectrum strongly suggests that SMBH Sgr A* is a hadronic cosmic-ray accelerator
continuously injecting particle for the past > 103 to PeV energies -> First robust detection of
cosmic Galactic PeVatron

> Total CR power injected at the GC ~1038 erg/s. SgrA* has been more active in the past => GC
PeVatron could explain the fluxes of galactic CRs above 100 TeV to a few PeV (region of the
“knee”) , Fermi Bubbles and extraterrestrial neutrinos

» Recent Fermi Bubbles measurements suggest low latitude component with hard spectrum ->
possible link to a GC outflow

» A Southern wide-field gamma-ray observatory could be highly competitive to CTA for large-
scale emissions -> it can play a very important role to understand GC energy feedback to Galaxy,
past SMIBH activity, etc...
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= 10-year observations with H.E.S.S. 1 provides more than 250 hours towards the GC
= Very bright gamma-ray emission along the Galactic pane

- Galactic
-- latitude

HESS J1745-290
(SgrA*)

-

Diffuse emission ©

-(Gamma ray excess map
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H.E.S.S. observations of the Galactic Centre

= 10-year observations with H.E.S.S. 1 provides more than 250 hours towards the GC

= Very bright gamma-ray emission along the Galactic pane -> excluded
= Novel analysis method : 2D likelihood analysis with spectral and spatial information of signal
and background

- Galactic
latitude

-Gamma ray excess map
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Dark Matter distribution in the GC

Einasto profile

(GeV<em?)
=)
w

J faclor
=

* per bin of 0.02degx0.02deg

Cuspy 1
profile

=2{/r\"
Prin1 () = psexp = (r_) —] » We assumed an Einasto profile
5
parametrized with > The spatial morphology can be used to discriminate
a=0.17 between a DM gamma-ray signal and the residual
rs = 21 kpc isotropic hadronc background

ps = 0.07 GeVem™3
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Dark Matter distribution in the GC

> 10¢ Einasto profile g
:§ 10° @ e
3 S [ Example for one OFF region 90 g
¥ L € 3-  fora given pointing 08 ®
10 C N o
4 | ]
T S - e 2
10" i_‘-“ 1= ON region 600 £
= C ]
102 o = 0 pointing positio .
3 — -
10 S ..1:— ”* ,H\
10* \ _2:_
0 - OFF region
-3 -2 =
10 10 1 10 1u’mm1p’ -3
__||||||||||||||||||||||||||||||a|||||||| 0
-4 -3 -2 -1 0 1 2 3 L
) _2 r o longitude
Prin1 () = psexp - (r_) i > We assumed an Einasto profile
S
parametrized with > The spatial morphology can be used to discriminate
a=0.17 between a DM gamma-ray signal and the residual
rs = 21 kpc isotropic hadronc background

ps = 0.07 GeVem™3
» Large gradient between ON (signal) and OFF

(background region)
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= 10-year observations with H.E.S.S. 1 provides more than 250 hours towards the GC

= Very bright gamma-ray emission along the Galactic pane -> excluded
= Novel analysis method : 2D likelihood analysis with spectral and spatial information of signal

and background

. 10-22 =
- Galactic 5 254h, DM DM — ©v't
o] latitude r Einasto profile
102
— 10 =
2 F
£ E
L [
=LA
5 10
- TS Thermal relic density
26
10 e = Observed, this work
- e Expected
- [ ]68% Containment
107 & [ ] 95% Containment
: :EIII! 1 IIFII‘IIl | IIIIIII| 1 | S i I |
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For the Einasto profile, strongest limits so far in the TeV mass range:
e inthe WW channel: 6x10-26cm3s1at 1.5 TeV
e inthe tt channel: 2x1026 cm-3s-1 at 800 GeV
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Dark matter at the GC halo with CTA

=  Priority target in the CTA Dark Matter Einasto profile

programme e - channel
- Fair balance between brightness and -
robustness -
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= CTAis a unique player for TeV dark matter with great discovery possibility
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